Abstract: Integrated optical devices comprised of multiple material systems are able to achieve unique performance characteristics, enabling applications in sensing and in telecommunications. Due to ease of fabrication, the majority of previous work has focused on polymerdielectric or polymer-semiconductor systems. However, the environmental stability of polymers is limited. In the present work, a hybrid device comprised of an indium tin oxide (ITO) coating on a silicon dioxide toroidal resonant cavity is fabricated. Finite element method simulations of the optical field in the multi-material device are performed, and the optical mode profile is significantly altered by the high index film. The quality factor is also measured and is material loss limited. Additionally, its performance as a temperature sensor is characterized. Due to the high thermo-optic coefficient of ITO and the localization of the optical field in the ITO layer, the hybrid temperature sensor demonstrates a nearly 3-fold improvement in performance over the conventional silica device.
Introduction
In recent years, extensive research efforts have focused on developing new optical materials to enhance the performance of integrated optical devices for a wide range of applications including optical switches, lasers and sensors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . One reason for the broad impact is the numerous possible combinations of functional materials and optical devices. For example, hybrid devices have demonstrated athermal behavior and ultra-low threshold lasing [4] [5] [6] 12] . While initial research focused on telecommunications applications, more recently, the research has shifted its emphasis to detection applications; specifically, using materials to manipulate the optical field profile while adding functionality to the device [7] [8] [9] .
While there are many types of optical sensors, one common element is that the strength of the signal is related to the intensity of the optical field. The conventional approach to increase the optical field intensity is to increase in the input power. However, an alternative approach is to modify the optical field distribution in the sensor. One method for compressing the field and increasing the sensitivity limit is to create a hybrid device, comprised of multiple materials. In this pursuit, a wide range of new materials has been developed. For example, metal nanoparticles have been used in combination with a wide range of devices for field enhancement [9, 10] . While very successful, metal nanoparticles are also extremely lossy. Therefore, the total number of nanoparticles that can be used in a single device is limited.
An alternate approach is to use a low-loss material, such as a high index oxide, to improve the optical field confinement in the sensing area and to increase the sensing signal. While several high index oxides have been developed, research thus far has focused on waveguide devices [13] . By combining these materials with higher performance devices, the benefit to the overall sensing system will be greater. In previous work, a hybrid sensor system comprised of polymer coated resonant cavities was demonstrated for temperature detection [14] . However, polymer-based systems face numerous limitations, particularly in the field of temperature detection, where the glass transition temperature of the polymer will limit the ultimate working range of the device.
In the present work, we coat a Silica high quality factor (Q) microcavity with Indium Tin Oxide (ITO) and demonstrate thermal sensing. Using this hybrid device in combination with finite element model simulations, we experimentally measure the thermo-optic coefficient of ITO, which is approximately 18 times larger than silica. Because of the significant increase refractive index as compared to silica, the optical mode profile changes. In temperature sensing experiments, the combination of optical field change and dn/dT increase results in a 2-3-fold increase in temperature response.
Theory

Quality factor limits in hybrid cavities
In a whispering gallery mode optical cavity, the quality factor is comprised of extrinsic and intrinsic losses [15] . While the extrinsic losses are primarily determined by the coupling method used, the intrinsic losses are inherent to the cavity. In hybrid cavities or thin film coated cavities, previous work has shown that the quality factor is limited by the material loss of the system [16, 17] . This loss can be analytically described by (1)
where n eff is the effective refractive index, λ is the resonant wavelength and α eff is the effective material loss. The expressions for n eff and α eff are approximately given by (2) and (3):
respectively, where β, γ, and δ are the portion of the optical field located in the cavity, film and air. For toroidal optical resonant cavities, which are the focus of the present work, these values are determined using finite element method simulations, and β + γ + δ = 1.
Thermo-optic coefficient (dn/dT)
The thermo-optic effect describes the temperature-dependent refractive index change of a material. In dielectric materials, the thermo-optic coefficient (dn/dT) is typically positive, resulting in an increase in refractive index as the temperature increases. In hybrid cavities, by derivating expression (2) with respect of the temperature, we obtain expression (4), which describes this variation [17] :
Again, the coefficients β, γ and δ are the portion of the optical field (|E| 2 ) located in the cavity, film and air and they are determined using finite element method modeling. Given that dn/dT of silica and air are known, from the experimental data and the FEM model, it is possible to determine the dn/dT of the film.
Temperature detection
Resonant cavity-based detection relies on the dependence of the resonant wavelength on the cavity's refractive index and geometrical parameters [18, 19] . Previous work has demonstrated cavity-based sensing using a variety of mechanisms (e.g. phase, transmission, optical loss, resonant wavelength); however, the resonant wavelength change approach is the most commonly used [7, 8, 10, [20] [21] [22] .
In the case of thermal sensing, the thermo-optic effect is particularly important. Assuming that thermo-optic effect is the dominant mechanism, the resonant wavelength is directly related to the refractive index of the cavity according the relationship:
where Δλ is the change in resonant wavelength and ΔT is the change in temperature [14] . Therefore, by increasing the thermo-optic coefficient, the sensor will generate a larger signal, improving the overall sensor performance.
FEM modeling
To determine the optical field distribution in the different regions of the hybrid device, finite element method (FEM) simulations are performed using COMSOL Multiphysics [16] . The modeling parameters are determined by the experimental conditions to allow direct comparison between the results. The toroid major and minor diameters are 60 microns and 7 microns, and the wavelength is 780 nm. The refractive index and film thickness of the ITO is measured using ellipsometry. All other constants used in the simulations are taken from the COMSOL library. In order to improve the simulation efficiency, the mesh size was chosen to be 1/10th of the wavelength inside the structure. By controlling the azimuthal mode order (M) in the cavity, we can determine the optical field distribution, which corresponds to the values for β, γ, and δ. A pair of simulations is shown in Figs. 1(a) and 1(b). In the first simulation, the film has the same properties as the silica toroid; as a result, the film simply increases the diameter of the device and the optical field is not perturbed or changed by the presence of the film. In contrast, in the second simulation, an ITO film is used. By comparing these two simulations, it becomes evident that several significant changes occur.
First, due to the large refractive index contrast between the coating and the resonator, the mode is split when the ITO film is included. While the majority of the optical mode pushed back into the resonator, a small optical lobe appears inside the coating. This effect is apparent in Fig. 1(c) . This small, secondary field lobe changes how the optical field interacts with the coating. Fig. 1 . FEM modeling results. In both models, the films are 260nm thick. Optical field distribution with a) an SiO 2 film and b) an ITO film. c) Modal energy density distribution cross section in the device with both films. The periphery of the device or silica-film interface occurs at 30μm. The optical field clearly changes both shape and distribution with the high index film.
Device fabrication and characterization
Material synthesis and characterization
To make the ITO coating, first, an ITO sol-gel solution is made. The stock solution is synthesized by combining 30 ml ethanol (CH 2 OH), 35 mg tin chloride (SnCl 4 ) and 200 mg indium chloride (InCl 3 ), and stirring them for 3 hours. Then, 1 ml of Tween 80 ® is added, obtaining the sol-gel solution after 2 additional hours of stirring. Throughout the process, the solution is kept at 25°C, and it is vortexed several times, to minimize the formation of aggregates.
After preparing the wafer surface using an oxygen plasma to increase the hydrophilicity, the ITO is deposited twice on the SiO 2 /Si wafer using spin-coating to form a uniform thin film. The first ITO layer is deposited by dropping the solution on the samples and spincoating at 7000 rpm for 30 seconds. The samples are annealed at 500°C for 20 minutes in an ambient environment. The samples are immediately removed from the furnace after 20 minutes. A second ITO layer is deposited using the same process. However, the annealing methods are changed. This time, after 20 minutes, the samples remain in the furnace as the temperature is incrementally decreased from 500°C to room temperature at a rate of 1°C/min. This gradual decrease allows very smooth, defect-free films to be produced.
The thickness and refractive index of the ITO and SiO 2 films are measured using spectroscopic ellipsometry at 780nm. The ITO film is 260 nm thick, and the index values are 1.45367 and 1.7871 for SiO 2 and ITO, respectively. These values are used to determine the n eff and dn eff /dT in subsequent calculations.
Device fabrication
The hybrid ITO-silica toroidal cavity fabrication process has two distinct steps: 1) fabricate the silica toroidal cavities, and 2) conformally coat the cavities with the ITO thin film.
The silica toroidal cavities are fabricated in three steps on silicon wafers with two microns of thermally grown oxide [23] . First, 80-micron diameter circular pads are defined using photolithography and buffered oxide etching. Then, the silica microdisks are created by undercutting the oxide with xenon difluoride. Finally, the silica toroidal cavity is made by reflowing the silica microdisk with a carbon dioxide laser. The ITO films are deposited and annealed using the same method described previously. The deposition of the ITO is verified using electron diffraction spectroscopy (EDS) in combination with an SEM/FIB system. Based on the EDS, the ITO film conformally coats the toroidal structure (top, side and underneath). As can be observed in Fig. 2(a) , the ITO coating is quite uniform and defectfree.
Device characterization
To measure the quality factor, the device is coupled to a narrow linewidth tunable laser centered at 765nm (Velocity, Newport) using a tapered optical fiber waveguide. Tapered optical fiber waveguides are a low loss, high efficiency evanescent coupling method [24] . As such, the coupling losses are minimal, allowing the intrinsic Q of the cavity to be determined [25] . The waveguide is aligned with the cavity, using top and side view cameras and a 3-axis nano-positioning stage. The output from the waveguide is sent to a photodetector, and the signal is monitored on an integrated digitizer/oscilloscope. By scanning across a series of wavelengths, a resonant wavelength (λ) can be identified and recorded. The spectrum is fit to a Lorentzian, and the cavity Q is determined according to: Q = λ/Δλ, where Δλ is the linewidth. The scan range, scan frequency and input power are optimized to minimize any thermal distortion of the resonant linewidth [12] . 
Sensing measurements
To characterize the thermal response of the device, a temperature control stage with a thermocouple controlled feedback loop is integrated into the previously described set-up (Fig. 2 (b) ) [12] . Using this stage, the device can be heated in 0.5°C steps with minimal overshoot. Two different, complementary approaches are used to measure the temperature response of the ITO-SiO 2 hybrid cavity. Additionally, for comparison, the response of a plain SiO 2 cavity was also measured.
In the first method, the minimum position (wavelength) and the transmission (coupled power) are continuously tracked and recorded at a frequency of 691 pts/min. This approach has several advantages. Because the transmission point is recorded, we can detect changes in coupling, also known as "taper jitter". This jitter is widely acknowledged to be a source of noise in high Q cavity measurements. Therefore, using this method, we are now able to isolate and remove these points with automated filters without comprising the volume of results (e.g. reject all data with transmission variation >5%). Additionally, we can perform statistically significant error analysis on the wavelength change. However, the high-speed acquisition is only possible because the whole spectra is not recorded; thus, we lose information about the cavity Q.
In the second method, resonance spectra are recorded at the distinct temperature points. Specifically, after changing the temperature, the resonance is allowed to stabilize, and then the spectra is saved. Based on a Lorentzian fit, the resonant wavelength and the loaded Q are determined. However, because of the amount of time it takes to save an entire spectrum, it is not possible to use this approach to perform real-time detection; for similar reasons, acquiring a sufficiently large amount of data for statistical analysis is unrealistic. It is important to note that during the measurements, the coupling is not changed. Therefore, even small changes in the extrinsic loss (or coupling loss) will be detected.
Results and analysis
Quality factor
As mentioned, there are many factors that can contribute to the degradation of the cavity Q, most notably surface scattering and material loss. In sol-gel coated hybrid cavities, it is critical to optimize the annealing of the sol-gel film, as small cracks in the film will give rise to large scattering losses. As can be observed in Fig. 3 , in the present ITO-SiO 2 hybrid cavities, loaded Q factors above 1x10 5 are obtained. These values indicate that the Q is material limited. 
Temperature sensing
As can be observed in Fig. 4(a) , the resonant wavelength increases in direct response to each 0.5°C temperature increase. The background noise shown in the inset is determined by evaluating 240 seconds of the signal (N > 1600 pts). As such, it includes all sources of noise in the system, including taper jitter. The three sigma (3σ) value is similar to the mean loaded cavity linewidth (4.65 pm vs 6.2 pm). However, after a bandpass filter has been applied to remove the points with more than a 5% intensity variation, the 3σ noise level is reduced to 0.7pm. This improvement is readily apparent in the pair of noise histograms in Fig. 4(a) , inset. Throughout these measurements, the loaded cavity Q was fairly constant (Fig. 4(b) ). As mentioned, the coupling was not actively changed during the measurements. Therefore, the overall decreasing trend could be attributed to a decrease in coupling efficiency or an increase in coupling loss. This decrease results in an increase in the extrinsic loss (Q coupling ), which will decrease the loaded Q. However, this change does not affect the underlying device's intrinsic Q. Additionally, the background noise level does not change substantially between the initial and the final measurements, and the reported noise values are at an intermediate temperature setting. The sensor response can be more explicitly evaluated if the wavelength shift versus temperature increment is plotted. In this sense, Fig. 4(c) shows the results from both measurement methods: 1) wavelength tracking in real-time (ITO-SiO 2, RT ) and 2) measuring the spectra at discrete time points (ITO-SiO 2, Q ). Most importantly, the results are clearly selfconsistent. For comparison, we have also plotted the baseline noise level and the theoretically predicted shift from a pure SiO 2 device. It is important to note that the shift from an environmental temperature change is independent of Q, unlike a shift induced by the optothermal effect which gives rise to linewidth broadening [26, 27] . Therefore, the fact that the SiO 2 toroid has a higher Q does not play a role in the magnitude of the sensor response.
The change in resonant wavelength in the ITO-SiO 2 hybrid cavity is significantly larger than the SiO 2 device. This improvement in device performance is directly related to the increase in the effective thermo-optic coefficient of the cavity, which now has varied from 1.2x10 -5 °C to 1.712x10 -5 °C due to the presence of the ITO thin-film. This increase is surprising given the relative distribution of the optical field in the SiO 2 and the ITO and indicates that the ITO has a very large, positive thermo-optic response.
By combining the simulation and spectroscopic ellipsometry results with Eqs. (4) and 5, the thermo-optic coefficient of ITO is calculated to be 2.229x10 −4 . This value is approximately 18 times larger than the thermo-optic coefficient of silica (1.2x10 -5 °C ). Unfortunately, there is minimal previous work studying the dn/dT of ITO for comparison. However, in previous studies of TiO 2 films on SiO 2 , a significant dependence of the dn/dT on the deposition method was observed, with over an order of magnitude variation [28] . Therefore, given these previous studies on TiO 2 , additional investigation into the optimization of the deposition method to maximize the dn/dT is warranted.
Conclusion
In conclusion, we have fabricated and characterized an ITO-coated silica toroidal microcavity temperature sensor. After optimizing the ITO coating method to reduce defects in the ITO film, material limited quality factors ( >10 5 ) are achieved. The narrow cavity linewidth in combination with a taper jitter reduction algorithm reduces the baseline noise, improving the overall signal-to-noise of the sensor system. Additionally, the dn/dT of ITO is nearly 20-fold larger than the underlying silica device. As a result of this increase, the thermal response of the hybrid ITO-SiO 2 sensor is more than doubled. Given the high thermal and chemical stability of both silica and ITO, this hybrid device could be used in many applications requiring high precision temperature detection, such as temperature monitoring in harsh environments. Additionally, the general device architecture is translatable to other refractometric-based sensor platforms, including microrings, waveguides and lasers.
